The effect of UV-crosslinking on the gas transport properties of two poly(ether ether ketone)s derived from difluorobenzophenone and two bisphenol derivatives, with four (TMBP-DFB) or six (HMBP-DFB) methyl groups, has been studied. The crosslinking reaction was conducted on dense membranes, using polychromatic light, with wavelengths higher than 350 nm, at room temperature and in presence of air.
Introduction
Permeability and selectivity are the two important parameters that determine the characteristics of a gas separation membrane.
1 Polymer membranes must have good separation capacity for a particular gas in a mixture and high permeability, as well as good mechanical properties and high thermal stability. 2, 3 However, conventional polymer membranes suffer from a well-known trade-off between these two parameters, because as the permeability of polymers increases, their ability to differentiate between gases decreases. This behaviour was rst evidenced by Robeson in 1991 and then updated in 2008, showing the progress achieved in the gas separation eld.
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Glassy aromatic polymers, such as polyimides and polysulfones, are very commonly employed for gas separation membranes because they offer high selectivity and good mechanical properties. Based on the solution-diffusion mechanism, the more permeable gases are those with small molecular diameter and selectivity is mainly controlled by size based diffusion rate differences. Furthermore, it has been assumed that local to short scale cooperative segmental motions, which take place in glassy state, are responsible for the opening of the channels that connect free volume elements and then allow the passage of the gas molecules through the membrane. 8 Therefore, glassy polymers have limited size-selectivity for practical applications because there is a wide size distribution of free volume elements (holes) and, moreover, the holes uctuate in size due to the thermal motions of the polymer chains. In this context, the most effective way of improving permeability/ selectivity properties is to create polymer structures with very high stiffness, while simultaneously frustrating interchain packing in order to improve permeability. 9 Crosslinking induced by ultraviolet (UV) irradiation is a simple route to modify the structure of dense membranes by the formation of a network, which increases the rigidity. One of the rst indications that UV crosslinking could improve the environmental stability and the performance of gas separation membranes of polyimides was reported in the patent literature. 10 Since then, other studies have shown the effect of UV irradiation on gas transport properties of benzophenone containing polyimides, or CO 2 /CH 4 separations due to an enhancement in the sizesieving capability of the membranes. Besides, the method is useful to improve the membrane stability and to reduce undesirable phenomena, such as physical aging 17 and plasticization 18 , which have a crucial impact on membrane durability. 11, 19, 20 This work examines the effect of UV irradiation on the gas transport properties of two glassy amorphous poly(ether ether ketone)s (PEEKs) lms based on diuorobenzophenone (DFB) and 3,3 0 ,5,5 0 -tetramethyl-4,4 0 -dihydroxybiphenyl (TMBP) or 2,2 0 ,3,3 0 ,5,5 0 -hexamethyl-4,4 0 -dihydroxybiphenyl (HMBP). The monomers derived from bisphenol were chosen because the methyl groups reduce the efficiency of polymer chain packing, thereby increasing gas permeability and, moreover, they provide an abundant source of benzylic methyl groups for crosslinking reactions. UV light was used to excite the benzophenone moiety that subsequently abstracts a hydrogen radical from a benzylic methyl group. The two radicals created are combined to form a covalent bond, thus causing crosslinking. A DFT quantum mechanical study has been performed in order to estimate the ability of formation of radicals from methylene groups. The improvement in the size-sieving capability and gas selectivity of the dense membranes, as a function of the irradiation time, has been also examined. was purchased from Sigma-Aldrich, recrystallized from heptane and sublimated at 100 C prior to use. Anhydrous (99.5%) Nmethyl-2-pyrrolidinone (NMP) was purchased from SigmaAldrich.
Experimental

Polymers' synthesis
Polymers were synthesized using a nucleophilic aromatic substitution procedure previously reported.
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Typically, 5.0 mmol of TMBP or HMBP, 5.0 mmol of DFB and 10 mL of NMP were put into a 50 mL three necked ask, equipped with a mechanical stirrer and a Dean-Stark trap lled with toluene, and blanketed by a ux of dry nitrogen. The ask was immersed into a regulated oil bath, which was heated to 155 C. Aer a homogeneous solution was obtained, 7.5 mmol of K 2 CO 3 and 5 mL of toluene were added into the ask. The reaction was stirred at 155 C for 3 h to azeotropically remove water and toluene, and then the bath was heated to 175 C. Toluene and water were drained from the Dean-Stark trap, and the reaction was maintained for 24 h. The obtained viscous solution was diluted with additional NMP (10 mL) and the polymer was then precipitated onto rapidly stirred distilled water to produce a brous solid, which was ltered off and boiled several times in water to remove any residual salt and other by-products. Next, the polymer was washed with a mixture of distilled water and methanol (1/1), methanol and dried in a vacuum oven at 200 C overnight. For both polymers quantitative yields were obtained. 
Film casting
Dense homogeneous membranes were prepared using a solution casting method. 0.500 g of polymer was dissolved in 10 mL of chloroform, and the solution was ltered through a 3.1 mm berglass Symta® syringe lter, poured onto a glass ring placed on a leveled glass plate, and maintained at room temperature overnight to remove most of the solvent. The membranes were peeled off of the glass and placed into a vacuum oven at 100 C for 24 h, 120 C for 2 h, 150 C for 2 h, 180 C for 1 h and 200 C for 15 min. Finally, they were slowly cooled in the oven. The absence of residual solvent was conrmed by thermogravimetric analysis. The thickness of the circular membranes (area 70.8 cm ) ranged from 45 to 55 mm. The thickness percent uncertainty of a membrane was between 2 and 3%.
UV irradiation
Circular membranes of 2.5 cm diameter were irradiated with polychromatic light in air, for different amounts of time on each side, using a 100 W high pressure Hg-Xe arc lamp (Hammatsu LC8 Lightningcure™) equipped with a 350 nm glass cut-off, working at 50% of nominal power. Samples were placed at 15 cm from the bulb of the UV lamp and irradiated during times between 30 and 60 min (per side). In this way, the gradient of crosslinking due to the thickness of the membranes was reduced.
The degree of crosslinking was estimated from the gel fraction by eqn (1).
Gel fractionð%Þ
where W inital is the initial weight of sample before crosslinking and W nal is the weight of the crosslinked sample aer extracting the soluble fraction. W nal was determined by immersing the crosslinking samples in chloroform at room temperature under gentle stirring for 24 h. Next the samples were dried at 120 C under vacuum for 12 h and weighed again. 
where r liquid is the density of isooctane, u air is the weight of the sample in air and u liquid is its weight when submerged in isooctane.
Gas permeability measurements
The pure gas permeation properties for He, O 2 , N 2 and CH 4 were measured at 30 C and an upstream pressure of 3 bar using a lab-made constant volume/variable pressure apparatus. The permeation of CO 2 was measured in the upstream pressure range from 1 to 25 bar. The membranes were previously measured before being irradiated with UV light. Aer the membrane was mounted inside the permeation cell, both upstream and downstream chambers were exposed to high vacuum overnight to degas the membrane. The upstream pressure was adjusted to the desired value before starting the permeation experiments (t ¼ 0 s), and then the increase of the permeate pressure was recorded as a function of time. All gases were allowed to permeate until the steady-state (ss) conditions were attained. The permeability coefficient (P) was calculated from eqn (3).
P ¼ 273 76
Vl ATp 0 dpðtÞ dt
where A and l are the effective area and the thickness of the membrane, respectively, V is the downstream volume, T is the absolute experimental temperature, p 0 is the upstream pressure, (dp(t)/dt) ss is the steady state rate of the pressure-rise, and (dp(t)/dt) leak is the system leak rate, which was less than 1% of (dp(t)/dt) ss .
The diffusion coefficient (D) was obtained from the relation given in eqn (4) .
where q, the time lag, corresponds to the intercept of the time axis with the straight line in the steady state. The solubility coefficient (S) was indirectly evaluated from S ¼ P/D assuming the validity of the solution-diffusion permeation model. The ideal selectivity for a pair of gases A and B, which was calculated as the ratio for individual single gas permeability, can be decoupled into diffusivity selectivity and solubility selectivity (eqn (5) 
Computational methods
Computational chemistry was carried out by initially optimizing the structures at the AM1 level of theory. 22 Subsequently, electronic energies and structures were calculated by full optimization, without any geometrical constraint, by using the Becke's three-parameter hybrid functional 23 and the Lee et al. correlation functional with the 6-31G(d,p) basis set. 24 The Restricted Hartree-Fock method, where the molecule is a closed shell system with all orbitals doubly occupied, was used for ground state molecules (RHF/B3LYP/6-31G(d,p)), while the unrestricted Hartree-Fock method, where the molecule is an open shell system with some of the electrons not paired, was used for radical species (UHF/B3LYP/6-31G(d,p)).
25 Frequency calculations were used for all minimized structures to ensure that satisfactory minima were obtained. HOMO energies, zero-point electronic energies were determined by doing a single-point calculation with the hybrid B3LYP/6-31G+(d,p).
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The Gaussian 09 v.A1 and Gaussview v.5.08 program packages were used throughout this work.
27,28 Molecular graphs and pictures were achieved with the GaussView and Arguslab programs.
28,29
Results and discussion
Synthesis and characterization of polymers
Two aromatic PEEKs were synthesized via nucleophilic aromatic substitution. 30 The reaction proceeded by formation of bisphenolates, and subsequent ipso ether addition on the uorine-substituted carbon atoms of the DFB, yielding a Meisenheimer complex, and posterior elimination of uorine ions to give aromatic ether linkages. The synthetic scheme and the chemical structure of both polymers are shown in Fig. 1 .
Chemical structures of polymers were conrmed by 1 H and 13 C NMR. As an example, Fig. 2 and 3 show the 1 H NMR spectra of both polymers with the assignment of the signals. The integrations of the signals correspond well to the total number of protons.
Despite the bulkiness introduced by the methyl groups on the diamines moieties, the solubility of polymers was poor in most common organic solvents, as seen in Table 1 . None were soluble in typical GPC solvents, such as DMF or THF, and molecular weights of polymers were then estimated by measuring the inherent viscosities, whose values are also listed in Table 1 . The values for both polymers were high enough, in particular for TMBP-DFB, indicating that high molecular weight polymers have been attained. The two polymers were soluble in CHCl 3 and NMP, which allowed for the preparation of lms by casting. The mechanical properties of the lms were good, with elastic moduli near to 1.5 GPa and tensile strength values in the range of 90-110 MPa, to be used as gas separation membranes.
Additional thermal and physical properties of PEEKs are given in Table 2 . Both polymers had thermal stabilities above 450 C in nitrogen atmosphere, with high char yields, about 50%, as corresponds to highly aromatic structures. As expected, the glass transition temperatures, T g s, were also high. No signicant effect of the diamine structure on T g was apparent, probably due to the conformational exibility provided by the ether groups. Fractional free volume, FFV, was calculated from the experimental density of the membrane (r) using the relation (eqn (6)):
Where V (¼1/r) is the polymer specic volume and V w is the van der Waals volume, which was estimated using the HyperChem computer program. 32 The obtained values were similar, indicating that the presence of the two methyl groups on 2,2 0 positions in the diamine HMBP did no increase the FFV. The values were considerably high compared to that of Matrimid® (FFV ¼ 0.110), which is a commercial polyimide widely used in gas separation.
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The X-ray diffraction patterns revealed the amorphous nature of PEEKs, as seen in Fig. 4 . The most probable intersegmental distance between the chains (d) was determined from the amorphous halo maximum using the Bragg equation (eqn (7)):
where d is the d-spacing and Q the scattering angle that corresponds to the amorphous halo maximum. The maxima at 15.8 and 15.1 correspond to distances of 0.56 and 0.59 nm for TMBP-DFB and HMBP-DFB, respectively. Therefore, the two methyl groups on the 2,2 0 positions of diamine HMBP only produced small changes in the packing of the polymers chains, which is in agreement with the values of FFV. 
UV crosslinking of the membranes
Membranes were irradiated in air, with ultraviolet light of wavelengths higher than 350 nm to selectively excite the n-p* absorption band of the benzophenone chromophore and then promote its photoreduction through abstraction of a vicinal H atom. Under these conditions, the undesirable secondary reactions, such as chain scission and/or photooxidation, should be minimized, even during long irradiation times, due to the lower energy of the light above 350 nm. 34 The UV-vis spectra of both polymers showed an intense n-p* absorption band with no maxima at wavelengths between 350-500 nm, as seen in Fig. 5 . The high absorbance values are due to the high concentration of benzophenone units in the membranes. According to the Beer-Lambert law, the fraction of incident light at a particular wavelength diminishes with depth in the lm due to absorption. Thus, thick lms are expected to have a crosslinking gradient. However, given the extremely high rate constant of benzophenone photoreduction (106-109 L mol À1 s
À1
) and the high photoreduction quantum yields (0.45-1) in good hydrogen donating media, 35 the chromophore should rapidly react as irradiation proceeds, even for low values of incident light in the bottom of the lm. In addition, membranes were irradiated in both sides to improve the homogeneity of the crosslinking reaction across the lm. Exposure times were set long enough to assure maximum reduction of the benzophenone and minimal damage of mechanical properties of the membranes (irradiation times varying between 30-60 min). Fig. 6 shows the most likely photoreduction mechanism and radical coupling reactions for the crosslinking of polymer chains: (A) the coupling between two benzylic radicals and (B) the coupling of benzylic radical with the ketyl carbon-centered radical. At the same time, benzylic radicals can also react with the oxygen in their surroundings to form peroxides, which tend rapidly to dissociate and yield carboxylic acids among other photooxidation products.
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The progress of crosslinking can be monitored by ATR-FTIR spectroscopy, by observing the decrease in the benzophenone carbonyl absorption band at 1652 cm À1 with the UV exposure time.
20 Fig. 7 displays normalized ATR-FTIR spectra of TMBP-DFB and HMBP-DFB lms as a function of irradiation time. Aer baseline correction, the spectra were normalized with respect to the band at 1592 cm À1 , attributed to the stretching of Table 2 Thermal properties, density and fractional free volume of non-irradiated and irradiated PEEK membranes b Char yield at 800C. c T g value was taken at the half-height of the heat capacity step from the second heating scan.
d Estimated by considering that the repeat unit structure and molecular weight remain practically unchanged. e Density and gel fraction could not be measured because the membrane lost its integrity during immersion. substituted benzene moieties, which should remain unaffected by crosslinking. As shown in Fig. 7 , the C]O stretching band intensity of benzophenone moiety, at 1655 cm À1 , decreases with increasing UV irradiation time. Concomitantly, a broad band at around 1730 cm À1 , which is attributed to carbonyl stretching from aldehydes and carboxylic acids generated from photooxidation, emerges and increases progressively in intensity with increasing UV irradiation time. 37 These changes are also accompanied by the appearance of a new band at around 3300 cm À1 related to the stretching of hydroxyl groups generated via crosslinking and/or photooxidation. It should be noted that the benzophenone band of both membranes do not completely disappear even aer 60 min irradiation, indicating that its photoreduction is not complete. Unfortunately, the quantitative analysis of the area under the peak at 1655 cm
À1
could not be performed due to its overlapping with the broad peak at 1730 cm À1 , which increases in intensity as the irradiation time increases. In addition, the peak at 1730 cm À1 was stronger for HMBP-DFB than for TMBP-DFB aer 45 min of irradiation. This fact suggested a more rapid formation of photooxidation products in the case of HMBP-DFB, which was directly related to the loss of mechanical properties of the membranes upon longer irradiation time. Therefore, 60 min was set as the maximum irradiation time for TMBP-DFB and a maximum of 30 min of irradiation was used for HMBP-DFB. The gel fraction of the irradiated membranes can be considered as a measure for assessing the extent of crosslinking. As expected, the gel fractions increased with increasing irradiation time (see Table 2 ). Thus, the gel fractions for TMBP-DFB samples went from 20% at t irr ¼ 30 min to 75% at t irr ¼ 60 min, conrming that the crosslinked thickness progressed with irradiation time. For HMBP-DFB membranes the exposure time required to achieve 75% gel fraction was considerably shorter, only 30 min. When HMBP-DFB membrane was irradiated for 45 min it became brittle, and the gel fraction could not be measured because it lost its integrity during immersion. Thereby, it was not tested as a gas separation membrane. This behavior could be consistent with the higher proportion of benzylic methyl groups in HMBP units, but could be also indicative of a higher reactivity of these groups to give radicals in comparison to those of TMBP-DFB. Therefore, we have performed quantum mechanical calculations to determine the ability of the different methyl groups to give -CH 2 c radicals. These calculations will be commented on below.
The density of both irradiated membranes with 75% gel fraction increased by 10% compared to the value of nonirradiated ones, as seen in Table 2 . This increase indicates a densication of the polymer membranes upon photocrosslinking, which could be associated with a decrease in FFV. In fact, considering that the chemical structure of polymers hardly changes during crosslinking, the FFV of crosslinked lms signicantly decreased with the irradiation time ( Table 2 ). The FFV decreased to half the original value for the indicated 10% increase in density. Moreover, the FFV was the same for the crosslinked membranes of both PEEKs with a 75% gel fraction. This densication of the membrane would be expected to be reected in a decrease of the more probably intersegmental distances obtained by X-ray diffraction. However, no signicant change in the position of the amorphous halo was visible, as seen in Fig. 4 , where the patterns of non-irradiated membranes are compared to those of crosslinked ones with a 75% gel fraction. Only, a narrowing on the lower angle side of the amorphous halo of the crosslinked membrane patterns could be observed.
As it can be also seen in Table 2 , the thermal stability of the membranes was not affected by crosslinking. In contrast, the glass transition temperatures of the irradiated membranes increased as the extent of crosslinking increased. The T g s of crosslinked membranes with a 75% of gel fraction were about 10 C higher than the values of non-crosslinked ones.
Quantum mechanical calculations on radical formation ability
As commented on above, the crosslinking of the membranes takes place through the reaction between radicals previously formed by UV irradiation. As the combination of two radicals occurs without a signicant energy barrier, the process that controls the feasibility of crosslinking is the formation of the radicals. To assess the ability of the different groups to yield radicals, and therefore, to determine the inuence of the number of methyls on the crosslinking process, a quantum mechanical study of the heat of formation of several models that represent the structure of the polymers and of their corresponding radicals, obtained by abstraction of one hydrogen radical, was performed.
As the aromatic ketones are common in all structures, the models represent the moiety that is different in every case. With comparative purposes, the radical derived from tetramethyl bisphenol A (M-TMBPA), and two possible radicals formed from tetramethyl bisphenol F (M-TMBPF) were also studied, because these monomers have been previously employed in the same type of reaction. 20, 21 All the models are shown in Fig. 8 . In the case of M-TMBP, only one monoradical is possible, corresponding to its formation on methyl groups placed in 3-position. However, in M-HMPB, three different radicals are possible, depending on the methyl groups which suffer the reaction.
The second column of Table 3 shows the heat of formation, in eV, of the model compounds and their corresponding radicals. Column 3 shows the energy differences, in eV and in kcal mol À1 , between the radicals and the model compounds (it should be taken into account that the loss of a hydrogen radical has also to be considered; energy of hydrogen radical ¼ À13 613 eV). From these data, it can be seen that the maximum energy difference corresponds to M-TMBP-R3 that, consequently, is more difficult to form during irradiation, but the energy is very similar to that of M-TMBPA-R3 and M-TMBPF-R3. This indicates that, for tetramethyl-substituted bisphenols, the reactivity is similar in all cases, irrespective of the bridge between the rings. Moreover, in the case of M-TMBPF, the energy difference is lower for the bridge radical, which consequently is more probable than any of the methylene radicals.
As to the hexamethyl-substituted model (M-HMBP), the presence of additional methyl groups seems to favor the formation of radicals, irrespective of the methyl group affected. In fact, the energy of the three possible radicals is approximately 24 kcal mol À1 lower than the energy of the methylene radicals formed in the other models, and about 15 kcal mol À1 lower than for the bridge radical in the case of M-TMBPF. Consequently, the theoretical results support the experimental ones, commented on above, where the polymer HMBP-DFB reached the same gel fraction as TMBP-DFB did in a shorter irradiation time, and the higher reactivity of the polymer cannot be solely attributed to the higher amount of methyl groups, but to the higher feasibility of formation of these radicals. Moreover, these results indicate that the HMBP-DBF should be the most reactive among any of the polymers considered here.
Gas transport properties
The single gas permeabilities of He, O 2 , N 2 , CH 4 and CO 2 for both linear PEEKs and UV-crosslinked analogs were determined using a constant volume-variable pressure permeator, and the results at a feed pressure of 3 bar and 30 C are shown in Table 4 . Gas permeabilities of linear PEEK membranes were lower for HMBP-DFB, except for He. This decrease in permeability was also accompanied by an improvement in selectivity. Taking into account that FFV is slightly higher in the latter polymer and, moreover, He is the gas molecule with smaller size, the lower permeabilities would be consistent with a distribution of FFV containing a higher number of smaller elements, which would be not accessible to the rest of gases with larger sizes. In contrast, P(CO 2 ) is close to P(He) and P(CH 4 ) is somewhat higher than P(N 2 ) in the case of TMBP-DFB membrane, which is a typical behavior of polymers having high FFV. [38] [39] [40] These results suggest that the methyl groups could be partially occupying the void space (internal free volume), which would cause a decrease in both the overall FFV and the size of accessible holes.
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The UV-crosslinking process led to a drop in gas permeabilities in both polymers. The decrease was higher for gases with large kinetic diameter, and was much higher for CH 4 gas. This is the typical behavior of glassy polymers with relatively low FFV. For the membranes with a 75% gel fraction, P(CO 2 ) was almost ve times lower than P(He) and P(CH 4 ) was two times lower than P(N 2 ). This decrease in permeability coefficients brought about a signicant improvement of the O 2 /N 2 and CO 2 / CH 4 selectivities. These facts can be related to the above commented on decrease in FFV with crosslinking.
Since permeability is the product of diffusion, D, and solubility, S, coefficients, the selectivity can be separated in diffusivity selectivity and solubility selectivity and the values for linear and crosslinked membranes are listed in Tables 5 and 6 . The lines correspond to the linear fits to eqn (8) .
As it happens with the permeabilities, the diffusivities for all gases are considerably reduced with increasing irradiation times, and almost the same values are obtained for TMBP-DFB (60 min) and for HMBP-DFB (30 min), which have the same value of FFV. However, no effect of crosslinking was observed in solubility and solubility selectivity. Gas diffusion coefficients for non-crosslinked and crosslinked membranes of TMBP-DFB and HMBP-DFB were compared by correlating data sets using eqn (8) .
where a and b are t for each membrane data set, as seen in Fig. 9 . b parameter serves as a measure of the size sieving ability of the membrane. The gas diameters (d g ) are taken from ref. 43 . The crosslinked membranes with a 75% fraction gel showed the greater slope. This result can be directly ascribed to the molecular sieving characteristics of crosslinked membranes facilitating enhanced diffusivity selectivity for molecules with smaller kinetic diameters (O 2 ¼ 3.23Å and CO 2 ¼ 3.44Å) over those of larger diameters (N 2 ¼ 3.49Å and CH 4 ¼ 3.817Å). This behavior agrees with the narrowing of the amorphous halo previously observed in the WAXS patterns of the crosslinked membranes (Fig. 4) , which is to be related to the disappearance of the large intersegmental distances in the packing of the chains. Therefore, the crosslinking not only would produce a decrease of the FFV but also a more homogeneous size distribution of the free volume elements. Fig. 10 presents the permeability to CO 2 as a function of feed pressure for non-crosslinked membranes and crosslinked ones with a 75% gel fraction. The permeability of both linear polymers decreases with increasing pressure, mainly at low feed pressures, in a lower extension for HMBP-DFB, consistent with dual-sorption model. 18 No plasticization behavior was observed in the measured pressure range. Both crosslinked membranes showed the same behavior and, moreover, the effect of the feed pressure on P(CO 2 ) was signicantly less pronounced.
To evaluate the effect of crosslinking on the productivity of these membranes, Robeson upper bound plots for the O 2 /N 2 and CO 2 /CH 4 gas pairs are shown in Fig. 11 . 4, 5 The bibliographic data of two different benzophenone-containing PEEKs, one derived from 4,4-methylene bis-(2,6-xylenol) (tetramethyl bisphenol-F or TMBPF) 21 and other from 2,2-bis(3,5-dimethyl-4-hydroxyphenyl)propane (tetramethyl bisphenol-A or TMBPA), 15 and of Matrimid have been also reported for comparison. Both PEEKs have a similar structure to these described in this paper, but bear a exibilizing moiety in the bisphenol unit. Crosslinking of the lms clearly moves the balance of selectivity versus permeability closer to the Robeson upper bound for both O 2 /N 2 and CO 2 /CH 4 gas pairs. The greatest improvement occurs for O 2 /N 2 , where a selectivity increase is observed in every case, much higher than for the reference PEEKs, even if the gel fraction was lower. This increase of gas productivity was so high that the UV-irradiated membranes surpassed the 1991 Robeson limit, with TMBP-DFB (75) nearly reaching the O 2 /N 2 2008 upper bound. This result is outstanding for common glassy polymers.
Conclusions
The UV-crosslinking of dense membranes of two poly(ether ether ketone)s derived from diuorobenzophenone and bisphenol derivatives, with four or six methyl groups, led to an signicant improvement in the gas transport properties. Crosslinking and photooxidation reactions took place during the irradiation process using polychromatic light, with wavelengths above 350 nm, at room temperature and in presence of air. The two polymers were able to produce highly crosslinked membranes, with gel fractions close to 75% and similar FFV. However, the polymer with higher number of methyl groups on the biphenyl moiety (HMBP-DFB) required half the time to achieve the same gel fraction than the polymer with four methyl groups (TMBP-DFB).
A DFT quantum mechanical study has stated that the higher crosslinking reactivity of HMBP-DFB is not only due to the higher amount of methyl groups, but also to the higher feasibility of formation of methylene radicals in this case.
The gas permeability in both membranes strongly decreased with the irradiation time. In particular the decrease in permeability was much higher for gases with larger size, because the crosslinking enhanced the size-sieving capability. This behavior was reected in a considerable increase for O 2 /N 2 and CO 2 /CH 4 selectivities. In that way, UV irradiation moved the gas transport properties towards Robeson upper bound of 1991, even surpassing this limit for O 2 /N 2 . Moreover, crosslinking is expected to provide a good mechanical integrity to the membrane and is able to counteract the effect of degradation if the irradiation conditions are well controlled.
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